Background. The morbidity and mortality resulting from dengue hemorrhagic fever (DHF) are largely caused by endothelial barrier dysfunction and a unique vascular leakage syndrome. The mechanisms that lead to the location and timing of vascular leakage in DHF are poorly understood. We hypothesized that direct viral effects on endothelial responsiveness to inflammatory and angiogenesis mediators can explain the DHF vascular leakage syndrome.
Dengue is caused by infection with one of the dengue viruses (DENVs), a group of 4 antigenically related mosquito-borne flaviviruses [1] . Dengue is the most prevalent arboviral disease worldwide and produces significant morbidity and mortality throughout the tropics and subtropics [2] . DENV infections produce a wide spectrum of clinical illness, ranging from asymptomatic or mild illness to a severe and life-threatening diseasedengue hemorrhagic fever (DHF). The hallmark of DHF is vascular endothelial dysfunction manifested by a vascular leakage syndrome and sometimes a hemorrhagic diathesis. The morbidity and mortality of DHF are largely driven by the vascular leakage and its ensuing complications.
The mechanisms of endothelial barrier dysfunction that lead to the unique vascular leakage syndrome of DHF are poorly understood. The DENVs are not cytopathic to endothelial cells in vitro [3, 4] . Viral antigen-positive endothelial cells have been seen in autopsy tissues with minimal or no endothelial destruction [5, 6] . Plasma leakage develops abruptly during viral clearance and early symptom recovery, at a time of significant immune activation [7] . The initial plasma leakage is focal and occurs predominantly in the pleural and peritoneal spaces [8] . The prevailing explanation for vascular leakage in DHF is that immune responses to DENV infection produce a cytokine storm that leads to the transient compromise of endothelial barrier function [7] . Many proinflammatory cytokines, angiogenesis factors, and other mediators (e.g., thrombin, metalloproteinases, and prostaglandins) can decrease endothelial barrier function and thereby increase vascular permeability [9] . Circulating levels of many vascular permeability mediators are indeed elevated in patients with DHF [7, [10] [11] [12] and can be produced by DENV-infected cells in vitro [13, 14] . However, increased levels of these soluble mediators are also present in other diverse inflammatory conditions, such as bacterial sepsis [15] , cerebral malaria [16] , autoimmune diseases [17] , and malignancies [18] . The vascular leakage characteristics of these varied conditions are distinct from those of DHF.
We hypothesized that direct viral effects on the responsiveness of endothelium to inflammatory and angiogenesis mediators are responsible for the vascular leakage characteristics of DHF. We found that DENV type 2 (DENV2) infection could suppress tumor necrosis factor (TNF)-a-mediated hyperpermeability in human umbilical vein endothelial cell (HUVEC) monolayers. This suppressive effect was seen up to 72 h after DENV2 infection. However, 1 week after infection TNF-a-mediated hyperpermeability was enhanced in DENV2-infected endothelium, compared with that in uninfected endothelium. The present study elucidates the critical role played by DENV and TNF-a-induced type I interferon (IFN) in the modulation of endothelial barrier function over time. Our results provide the foundation for a rational model of vascular leakage in DHF and potential therapeutic approaches.
METHODS

Reagents.
Reagents used were recombinant (r) TNF-a (Invitrogen), rIFN-g (Biosource International), rIFN-b (PBL Laboratories), rB18R protein (eBioscience), and soluble vascular endothelial growth factor (VEGF) receptor 2 (VEGFR2; R&D Systems).
Viruses and cells. DENV2 strain 16681 was propagated in the mosquito cell line C636, and virus stocks were titered by limiting-dilution plaque assay on Vero cells. Virus stocks were free of endotoxin and Mycoplasma contamination. In some experiments, DENV2 was inactivated by means of ultraviolet light (254-nm ultraviolet A light at 2300 mW/cm 2 for 15 min on ice). Primary HUVECs were cultured in EGM-2 medium supplemented with EGM-2MV SingleQuots (Lonza). All experiments were performed with subculture 2 cells.
Macromolecule paracellular permeability assays. Assays were performed using modifications of a protocol that has been described elsewhere [19] . Briefly, HUVECs were plated at cells/well on collagen-coated transwell inserts (0.4-mm- 5 1 ϫ 10 pore, 6.5-mm-diameter Transwell-COL; Costar). After 1-2 days, the HUVECs formed a confluent monolayer and were infected with DENV2 or mock control (C636 culture supernatant). Virus or C636 supernatant was added to the top chamber, adsorbed for 2 h at 37ЊC, and washed, and fresh medium was added. Cytokines and soluble mediators were added at the indicated concentrations to the top and bottom chambers.
rTNF-a or rIFN-g was added to the HUVEC cultures 18 h before measurement of macromolecule paracellular permeability. Paracellular permeability was measured by the addition of 500 mg/mL fluorescein isothiocyanate-conjugated 70-kDa dextran (Invitrogen) to the top chamber. Fluorescence in the bottom chamber was read after 15, 30, and 60 min at 37ЊC, and assays were performed in quadruplicate. In this transwell system, endothelial monolayer permeability is directly proportional to the flux of 70-kDa dextran across the monolayer. This was expressed mathematically as the first derivative ( ) of dC/dt the plot of concentration (C) versus time (t) (SigmaPlot, version 9.0; Systat).
Gene expression microarrays. Total cellular RNA from HUVECs was isolated using the RNeasy Kit (Qiagen). Equal amounts of cellular RNA from 4 replicate experiments were pooled together for each condition, labeled with biotin, and then hybridized to human oligonucleotide microarrays (Affymetrix HG-Focus), as described elsewhere [20] . Signal values from each of the 8793 probe sets were calculated by robust multiarray analysis [21] in GeneSpring GX software (Agilent Technologies). Samples were normalized against the day 7 mock-infected condition by dividing each measurement for each gene in all test samples by that gene's measurement in the control sample. Expression levels were organized by hierarchical cluster analysis using a Pearson metric. Affymetrix gene identification numbers for IFN-inducible genes were obtained from the supplemental information of Indraccolo et al. [22] and were imported into GeneSpring. Gene ontology analysis was performed at the DAVID (Database for Annotation, Visualization and Integrated Discovery) Web site (http://david .abcc.ncifcrf.gov) [23] to obtain functional annotation charts. Selection criteria were a count of at least 5 genes in the list, represented in the gene ontology category, a fold en-P ! .003 richment of at least 1.5, and a gene ontology category size !300 genes.
Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) and enzyme-linked immunosorbent assay (ELISA). qRT-PCR for IFN-b, Toll-like receptor (TLR) 3, retinoic acid-inducible gene (RIG) 1, and b2-microglobulin was performed on an ABI 7300 real-time PCR machine, using TaqMan reagents and a standard protocol (Applied Biosystems). qRT-PCR for type I IFN-stimulated genes (ISGs) was performed by the Transcriptome Fingerprinting Core at the Mount Sinai School of Medicine (New York, New York), using a protocol that has been described elsewhere [24] . Each transcript in each sample was assayed in triplicate, and 3 housekeeping genes (b-actin, Rps11, and tubulin genes) were used for global normalization [25] . Levels of IFN-b in cell culture supernatants were measured by ELISA, in accordance with the manufacturer's instructions (Biosource International).
Cell cycle and apoptosis analysis. Adherent and nonadher- ). * for DENV2 infection vs. mock infection ( ); † for DENV2 infection vs. mock infection.
ent HUVECs were washed with phosphate-buffered saline and fixed in 95% ice-cold ethanol for 24 h. Cells were pelleted, washed, and resuspended in phosphate-buffered saline containing 2 mmol/L MgCl 2 , 50 mg/mL RNase A, and 50 mg/mL propidium iodide (Sigma). The stained cells were incubated for 20 min at 37ЊC and then analyzed on a FACSCalibur flow cytometer (BD Biosciences) equipped with pulse-processing electronics for doublet discrimination. The percentage of cells that were apoptotic or necrotic and the proportion of live cells in each of the cell cycle phases was determined using ModFit LT software (Verity Software House). Immunohistochemical analysis. HUVECs were cultured to a confluent monolayer on 8-chamber tissue-culture treated glass slides (BD Biosciences). Infection with DENV2 strain 16681 was done as described above. At the indicated time points, virus-infected and uninfected cell culture slides were fixed in Ϫ20ЊC methanol for 20 min and air dried. The slides were permeabilized, blocked, and incubated with anti-DENV E protein mouse monoclonal antibody 3H5-1 (American Type Culture Collection) or isotype control monoclonal antibody. Secondary antibody and immunoperoxidase staining were performed using the Vectastain ABC Kit and diaminobenzidine development (Vector Laboratories). The approximate percentage of viral antigen-containing cells was determined by counting at least 100 cells per chamber for 4 chambers and averaging the percentages of stained cells per total cells counted.
Scanning electron microscopy. HUVECs on collagencoated transwell inserts were fixed by adding 0.1 mL of 2.5% (vol/vol) glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.0), followed by incubation at room temperature for 30 min. The samples were washed, fixed for 20 min in 1% osmium tetroxide, and left overnight at 4ЊC in fresh buffer (pH 7.0). The inserts were washed again in ultrapure water, dehydrated through a graded series of ethanol to 100%, and then criticalpoint dried in liquid CO 2 . The dried cell culture inserts were mounted and carbon coated in a vacuum evaporator. Cells were examined using an Quanta 200F microscope (FEI) at 5.0-20.0 Kv. Intercellular-gap distances were determined by measuring 10-15 independent cell-cell distances in ϫ1000 magnification fields that spanned a grid pattern over the fixed transwell 3 ϫ 3 inserts (Acronis True Image; FEI).
Statistical analysis. The SPSS software package (version 15.0) was used for statistical analyses. For normally distributed variables, comparisons between 2 groups were analyzed using Student's t test. For nonnormally distributed variables, comparisons between 2 groups were analyzed using the MannWhitney U test and the Kolmogorov-Smirnov Z test. Comparisons among multiple groups were performed using 1-way analysis of variance and post-hoc least significant difference tests.
RESULTS
Suppression of TNF-a-driven endothelial hyperpermeability by DENV2 soon after infection. rTNF-a increased the macromolecule permeability of HUVEC monolayers grown on collagen-coated transwell membranes in a dose-dependent manner. Seventy-two hours after DENV2 infection (multiplicity of infection [MOI], 0.5), TNF-a-mediated hyperpermeability was suppressed in virus-infected HUVEC monolayers, compared with that in mock-infected controls ( figure 1A ). There were no significant viral effects on endothelial barrier function in the absence of rTNF-a. The same findings were also obtained in HUVECs infected with DENV2 at an MOI of 4 (data not shown).
Enhancement of TNF-a-driven endothelium hyperpermeability by DENV2 within 1 week after infection. DHF is characterized by the onset of increased vascular permeability well beyond 72 h after the beginning of viremia [7] . We therefore compared the permeability characteristics of DENV2-infected and mock-infected HUVECs 1 week after infection. The percentage of DENV2 antigen-positive endothelial cells increased from ∼10% to ∼30% between days 3 and 7 after infection (MOI, 0.5). The permeability of HUVEC monolayers was only slightly increased 1 week after DENV2 infection alone. TNF-a-driven hyperpermeability across HUVEC monolayers was significantly augmented 7 days after DENV2 infection, compared with that in mock-infected controls (figure 1B). We focused our subsequent experiments on TNF-a, because it has inflammatory and angiogenic activities [26] . However, the differential early and late viral effects on endothelium macromolecule permeability were not unique to rTNF-a stimulation and were also seen with rIFN-g stimulation (data not shown).
DENV2-dependent early suppression of TNF-a-driven endothelial hyperpermeability mediated by type I IFN. The early suppressive effect of DENV2 infection on TNF-a-mediated endothelial hyperpermeability was dependent on live virus. Live DENV2 infection (MOI, ure 2A) . To inhibit DENV2-and TNF-a-induced IFN-b signaling, we used a recombinant vaccinia virus-encoded soluble type I IFN receptor antagonist protein (rB18R) [27] . The addition of rB18R to HUVEC monolayers after virus adsorption reversed the DENV2 suppressive effects on TNF-a-driven hyperpermeability ( figure 2B ). Our data demonstrate that DENV2 infection can ameliorate TNF-a-driven hyperpermeability through early type I IFN production and signaling.
Cessation of enhancement of ISG expression by TNF-a stimulation 1 week after DENV2 infection. We measured the expression of ISGs (IFIT1, ISG54, MX1, CXCL10, and RIG1) in DENV2-infected HUVECs that had or had not been stimulated overnight with rTNF-a on days 2, 5, and 7 after infection. ISG mRNA levels increased moderately over time in DENV2-infected HUVECs. TNF-a stimulation soon after DENV2 infection (day 2) enhanced the virus-induced expression of these ISGs. This enhancing effect disappeared when TNF-a stimulation occurred at the later time points ( figure 3) .
Enhancement of endothelial cell cycling by TNF-a stimulation 1 week after DENV2 infection. We next identified 2 gene clusters differentially expressed in rTNF-a-stimulated HUVECs between days 3 and 7 after DENV2 infection. When TNF-a-driven hyperpermeability was suppressed by DENV2 infection (day 3), the expression of genes involved in cell cycling and growth was down-regulated and that of genes involved in microtubule assembly regulation was up-regulated, compared with control values. When TNF-a-driven hyperpermeability was augmented by DENV2 infection (day 7), these gene expression patterns were reversed-cell cycling and growth genes were up-regulated, and microtubule assembly genes were downregulated (figure 4). Affymetrix HG-Focus arrays were used to select the genes that were expressed at levels differing by at least 1.25-fold between days 3 and 7 (a total of 1416 genes). These genes were organized by hierarchical cluster analysis using a Pearson correlation metric. Colors indicate the relative changes in induction (dark red represents 3-fold up-regulation, white represents no change, and dark blue represents 10-fold down-regulation). All signal values are normalized to the mock-infected HUVEC condition. The left column shows mean values for HUVECs stimulated overnight with recombinant (r) TNFa (1 ng/mL) at 3 and 7 days after mock infection. The middle and right columns show the signal values for HUVECs stimulated overnight with rTNFa (1 ng/mL) at 3 and 7 days after DENV2 infection (multiplicity of infection, 0.5), respectively. Gene ontology analysis for the genes contained in clusters A and B was conducted as described in Methods.
We directly measured the effects of DENV2 infection and TNF-a stimulation on cell cycling and cell death by propidium iodide staining of HUVEC DNA content. The percentage of apoptotic or necrotic HUVECs in mock-infected cell cultures increased from a mean ‫ע‬ SE of on day 3 to 5% ‫ע‬ 3% on day 7 ( ; ). There were no significant 21% ‫ע‬ 6% n p 4 P p .08 differences in the frequency of apoptotic or necrotic cells among the mock infection, DENV2 infection, TNF-a stimulation, and DENV2 infection plus TNF-a stimulation conditions at each time point. There were no significant differences in the proportion of endothelial cells moving from G 0 /G 1 to the S or G 2 / M cell cycle phases on day 3 ( figure 5A ). TNF-a stimulation significantly increased the proportion of DENV2-infected HUVECs moving from G 0 /G 1 to S or G 2 /M on day 7, compared with that for DENV2 infection or TNF-a stimulation alone. This augmented cell cycle progression could be reversed by the addition of rIFN-b 5 days after DENV2 infection and before TNF-a stimulation ( figure 5B) .
Promotion of angiogenic changes in the endothelial cell monolayer by TNF-a stimulation 1 week after DENV2 infection. Cell cycle control is critically linked to endothelial morphological changes and barrier dysfunction [28, 29] . DENV2-infected HUVECs had a typical rhomboid shape and adhered tightly to collagen-coated transwell membranes 3 and 7 days after infection (figure 6A and 6B). As expected, rTNFa-stimulated HUVECs became large and elongated but by and for all; no n p 4 significant differences between conditions). B, Day 7 conditions: mock infection ( ), DENV2 infection (multiplicity of infection, 0.5; ), overnight n p 4 n p 7 rTNF-a stimulation (1 ng/mL; ), DENV2 infection plus overnight rTNF-a stimulation ( ), and DENV2 infection plus 500 U/mL rIFN-b (day 5) n p 4 n p 7 plus overnight rTNF-a stimulation ( ). * for the comparison with mock infection; † for the comparisons with DENV2 infection and n p 4 P p .06 P ! .01 with rTNF-a stimulation; † † for the comparison with DENV2 infection plus rTNF-a stimulation. P ! .001 large remained adherent to the underlying extracellular matrix (figure 6C) [30] . The same morphology was also seen in the day 3 DENV2-infected plus rTNF-a-stimulated HUVECs (figure 6D) . In day 7 DENV2-infected plus rTNF-a-stimulated HUVECs, there was more prominent contraction and detachment of large and elongated endothelial cells ( figure 6E and   6F ). As such, the intercellular-gap distances were greatest in the day 7 DENV2-infected plus rTNF-a-stimulated HUVEC monolayers (median ‫ע‬ standard deviation, mm for 8.24 ‫ע‬ 10.7 DENV2 infection plus rTNF-a stimulation [ for the P ! .001 comparisons with mock infection and DENV2 infection, and for the comparison with rTNF-a stimulation], P p .02 4.4 ‫ע‬ Figure 6 . Scanning electron micrographs of human umbilical vein endothelial cell (HUVEC) monolayers on collagen-coated transwell inserts. Day 3 dengue virus type 2 (DENV2)-infected HUVEC monolayers have a cobblestone appearance (A; bar, 100 mm). Day 7 DENV2-infected HUVECs remain flat and are adherent to collagen fibrils and the underlying matrix (B; bar, 10 mm). Recombinant tumor necrosis factor (rTNF)-a-stimulated HUVECs (C; bar, 100 mm) and day 3 DENV2-infected plus rTNF-a-stimulated HUVECs (D; bar, 10 mm) are elongated and are adherent to the underlying matrix. Elongated morphology with detachment is prominent in day 7 DENV2-infected plus rTNF-a-stimulated HUVECs (E and F; bars, 100 and 30 mm, respectively).
mm for rTNF-a stimulation [ for the comparison 6.4 P p .01 with mock infection], mm for DENV2 infection, and 1.9 ‫ע‬ 2.1 mm for mock infection). These phenomena are seen 2.9 ‫ע‬ 4.2 in the early steps of angiogenesis and are mediated by multiple and complex interacting signals [31] [32] [33] . VEGF is a prototypical angiogenesis mediator. Inhibition of extracellular VEGF signaling by soluble VEGFR2 did not significantly decrease macromolecule permeability across day 7 DENV2-infected plus rTNF-a-stimulated HUVECs (data not shown). Doxycycline, an inhibitor of matrix metalloproteinases and VEGF-driven angiogenesis [34] , also had no significant effect. However, rIFNb was able to ameliorate the increase in macromolecule permeability, as it had ameliorated the increase in cell cycle progression (figure 7).
DISCUSSION
DHF is characterized by a unique vascular leakage syndrome. Many inflammatory and angiogenesis mediators increase vascular permeability to plasma proteins in venular and capillary endothelium [9, 35] . The prevailing model of the pathogenesis of DHF has simply attributed the vascular leakage syndrome to induction of 1 or more of these permeability-increasing mediators. This paradigm alone does not satisfactorily explain important and distinguishing characteristics of vascular leakage in DHF. We propose that vascular leakage in DHF can be better explained by a differential response of virus-infected endothelium over time to inflammatory and angiogenesis mediators.
We have demonstrated that DENV2-infected endothelial cells exposed to TNF-a soon after infection increased type I IFN production and signaling, compared with that for DENV2 infection alone. This early type I IFN ameliorated TNF-a-driven (and IFN-g-driven) hyperpermeability up to 3 days after DENV2 infection. By 1 week after DENV2 infection, TNF-a no longer augmented type I IFN signaling, and TNF-a-driven endothelial hyperpermeability was enhanced. DENV2 infection and TNF-a synergized to augment endothelial cell cycle progression and the morphological changes of early angiogenesis. Addition of exogenous rIFN-b at this later time point was able to ameliorate the increased cell cycling and macromolecule permeability.
The gross pathological findings in DHF are similar to those seen in many other viral hemorrhagic fevers [6] . Although vascular endothelium is not widely and massively infected, DENV infection of endothelial cells in lungs, spleen, and kidney has been seen in autopsy tissues [5, 6, 36] . DENV infection produces vascular leakage primarily in the pleural and peritoneal spaces [8] . A notable limitation of the reported autopsy studies has been that vascular endothelial cells in pleural and peritoneal tissues have not been examined. We postulate that DENV infection of endothelial cells in these target tissues plays a key role in the vascular leakage syndrome of DHF.
The early innate cellular response in DENV-infected endothelial cells includes production of type I IFN. TLR3 and RIG1 mRNAs were present in HUVECs (data not shown) and may be involved in the virus-dependent stimulation of type I IFN production [37] . Early type I IFN production and ISG expression were enhanced in DENV2-infected HUVECs by TNF-a stimulation. This type I IFN suppressed TNF-a-driven hyperpermeability. Our findings are consistent with the clinical course of DHF. Vascular leakage is not seen over the first several days of viremia, despite an innate immune response that produces inflammatory and vascular permeability mediators [10, 11, 38, 39] . Minagar et al. [40] have also reported that type I IFN can inhibit IFN-g-mediated vascular permeability. We postulate that early type I IFN production in DENV-infected en- Figure 7 . Effects of the antiangiogenesis compounds doxycycline and recombinant (r) type I interferon (IFN) on the macromolecule permeability of day 7 dengue virus type 2 (DENV2)-infected plus recombinant (r) tumor necrosis factor (TNF)-a-stimulated human umbilical vein endothelial cell (HUVEC) monolayers. HUVEC monolayer permeability to 70-kDa dextran was measured 7 days after DENV2 infection (multiplicity of infection, 0.5) and after overnight rTNF-a stimulation (1 ng/mL). Doxycycline (50 mmol/L) or rIFN-b (500 U/mL) was added to the cell culture medium before rTNF-a at the indicated time points. Data are means ‫ע‬ standard errors from 4 experiments. * for the comparison with DENV2 infection plus rTNF-a P ! .01 stimulation.
dothelium counteracts the permeability-enhancing effects of common innate immune response cytokines and mediators.
Approximately 1 week after infection, type I IFN signaling and ISG expression in DENV-infected endothelial cells were no longer enhanced by TNF-a. The DENV-infected endothelial cells became hyperresponsive to the angiogenesis-and permeability-enhancing effects of TNF-a. We postulate that ISG expression induced by the combination of DENV infection and TNF-a decreased over time because of the accumulation of viral nonstructural proteins that inhibit type I IFN signal transduction and signal transducer and activator of transcription 1 function (NS4B, NS4A, and NS2A) [41] . Exogenous type I IFN added well after virus infection was able to prevent this increase in cell cycling and macromolecule permeability. Exogenous type I IFN likely overwhelmed the virus-mediated type I IFN signaling antagonism and exerted antiproliferative and antiangiogenesis effects [42, 43] .
We used low-passaged primary HUVECs in order to develop a preliminary mechanistic model of vascular leakage in DHF [44] . The vascular endothelium within and among different organs is heterogeneous [45, 46] , and, as previously noted, the organ-specific endothelial tropism of DENVs has not been well studied. The relatively undifferentiated HUVECs formed tight interendothelial junctions. However, interendothelial junction regulation may differ among heterogeneous organ-specific endothelia and is a potential limitation of our study. We also focused specifically on paracellular macromolecule (i.e., albumin) permeability by measuring the flux of 70-kDa dextran rather than relying on transendothelial electrical resistance measurements [9, 47] . Early classic studies demonstrated that increased vascular permeability to plasma proteins in inflammatory conditions occurs through paracellular pathways in venular and sometimes capillary endothelium [9, 48] . This does not exclude the possibility that perturbation of physiological transcellular pathways or the endothelial glycocalyx may also take place. Our results provide insights into the likely key mode of vascular leakage in DHF.
The majority of individuals with either a primary or sec-ondary DENV infection never develop DHF. The relative risk of developing DHF is greater after a secondary DENV infection than after a primary one [7, 49] . We propose that type I IFN production and signaling are typically augmented in DENVinfected endothelium exposed to innate inflammatory mediators soon after infection. The augmented type I IFN response suppresses any significant vascular leakage in this time frame. Approximately 1 week after DENV infection, the type I IFN response in endothelial cells is no longer enhanced. In this preliminary model, viral and host factors that promote robust and prolonged type I IFN signaling in a DENV-infected endothelial microenvironment could mitigate plasma leakage, whereas viral and host factors that limit endothelial type I IFN signaling could set the stage for plasma leakage. Inflammatory and angiogenesis mediators can then act on DENV-infected endothelium to augment angiogenic changes and macromolecule permeability. The latter scenario may be more likely to take place during secondary infections. Our data support that complex interactions between host immune responses and DENV-infected vascular endothelial cells can better explain the DHF vascular leakage syndrome than either factor alone. We plan to test and refine the preliminary model suggested by our data in future studies using organ-specific endothelial cells isolated from pleural and peritoneal tissues. Our findings also continue to provide evidence that pharmacological type I IFN preparations that provide rapid and sustained therapeutic levels could be used to ameliorate the severity of dengue disease and prevent DHF [50] . An accurate mechanistic understanding of vascular leakage in DHF will lead to better therapeutic and preventive approaches.
